Using a mixed input-output framework
Introduction
Climate change has become an important issue that has potential impacts on water resource availability and consequently on agriculture, as water is a key input for crop and livestock production. Climate change thus has potential impacts on national economies, particularly in countries where agriculture is a key sector (Ciscar, 2012) . Future climate change impacts in Europe will differ significantly depending on region, but with a severe decline in crop production in the Mediterranean and Continental regions of southern Europe as a result of a shorter growing period, accompanied by increased temperature and decreased rainfall .
In the Republic of Macedonia 1 (hereafter 'Macedonia'), agriculture plays an important role in the national economy. In the period 2005-2011, its contribution to national GDP was about 11% on average, while it employed a significant proportion (20%) of the total available labor force (SSO, 2012) . In Macedonia, the rural population represents around 43% of the total population 2 .
Thus, (semi)subsistence farming in Macedonia will most likely be affected by future warming effects of climate change, which will amplify the vulnerability of its low income farmers who earn less than USD 5 per day .
A reduction in yields resulting from climate change, and consequently in farm income, is likely to occur in Macedonia. On a national level, three different major climate types prevail, resulting in the existence of three agro-ecological zones (AEZ), namely Mediterranean, Continental and Alpine (Aladzajkov, 1974) . The Alpine type is somewhat marginal for the territory of Macedonia (see Appendix 1), covering only 4% of total area, but the Mediterranean and Continental zones represent 35% and 61% of total area, respectively (MAFWE, 2012) . Hence, Macedonian agriculture is vulnerable to any climate change events . Regarding temperature, within the climate types there are significant seasonal temperature variations resulting in hot summers and cold winters. Mean summer temperature ranges from 20.6 to 24. (MOEPP, 2008) . Temperature variations are also followed by an uneven temporal and spatial distribution of precipitation, but with more favorable conditions in the western 1. Macedonia's constitutional name is the Republic of Macedonia. Within the United Nations system, it is being provisionally referred to as "the former Yugoslav Republic of Macedonia -FYROM" (UNSC Resolution 817/1993). 2. Total population in Macedonia in 2011 is estimated to be around 2.05 million (MAFWE, 2012) . 1 part of the country (World Bank, 2010) . Regarding precipitation, the annual amount ranges from Bergant (2006) indicate that the average temperature will increase by 1 o C and 1.9 o C by 2025 and 2050, respectively. In addition, due to temperature increases, the mean precipitation for corresponding periods is projected to decline by 3% and 5%, respectively, increasing the likelihood of more arid or drier climate conditions in Macedonia. Sutton et al. (2013) concluded that such increased aridity will lead up to 50% crop losses for all irrigated agriculture in the Crna River basin by the 2040s (Appendix 1). Moreover, in the period 1961-2003 there was already a noticeable decline in river flow in all Macedonian water basins (MOEPP, 2006) . This, combined with a likely decrease in future precipitation, will induce even greater water scarcity.
Water scarcity can be mitigated by modernization in irrigation schemes to ensure efficient water use. However, neglect or poor maintenance by the water management authorities has caused a deterioration in the functioning of already old irrigation schemes (build in the 60s and 70s) (Cornish et al., 2004) . In addition, many farmers have adopted the practice of punching holes in the authority's concrete channels and irrigate without paying (Gorton et al., 2009) . Therefore, reduced income for suitable irrigation system maintenance results in high water losses in water supply systems (up to 40%) accompanied by soil erosion and water quality issues (MAFWE, 2010) . The distribution of irrigated area in Macedonia is being similar over the years 2004-2011. On average the largest proportion is being occupied by cereals (32%), grapes (27%) and fodder (14%), followed by vegetables (11%), fruit and industrial crops (8%) (MAFWE, 2012) . However, as a consequence of the technical, financial, and institutional issues explained above the irrigated area in Macedonia is currently declining and the infrastructure is deteriorating.
A potential long-term decline in water resources, combined with the irrigation issues the farmers are facing, is likely to lead to an increasing competition for water demanded from other sectors of the Macedonian economy, especially during the summer, when water use is highest. It is thus imperative that this issue be considered in strategies aimed at achieving sustainable agriculture and sustainable water management. Due to the interlinkages between the agriculture sector and the rest of the economy, climate change impacts may lead to direct or indirect variations in the outputs of other sectors and, consequently, their water requirements.
Given the above considerations, the empirical work presented in this paper attempts to answer the following questions:
• What are the implications of climate change for Macedonia's agriculture sector and the rest of its economy?
• What are the resulting water requirements, given the climate change impacts?
• Where will the impacts matter the most?
The method chosen for the analysis was an environmentally extended version of an input-output (IO) model developed by Leontief (1970) , combined with a mixed model approach and water accounts. The advantage of this modelling approach is that it allows the so-called "backward linkage" effect to be investigated from a supply side perspective, whereby a reduction in agricultural output due to climate change impacts will reduce the demand for farm inputs. This in turn will trigger a whole series of indirect effects for other economic sectors, which will have to adjust their output to the new lower level of activity (Roberts, 1994) .
In order to distinguish the exact implications of climate change, the agriculture sector was disaggregated into several sub-sectors, whereas it is generally considered as a single industry in most previous IO analysis. Understanding the impacts of climate change variability and measuring the resulting outcomes for agriculture and other sectors of the Macedonian economy could provide insights to policy makers tasked with developing and designing future adaptation measures for the country's agriculture sector to mitigate the impacts of climatic change.
Conceptual framework

Modelling procedure
An IO model is defined as a linear model of all intersectoral relationships of an economy in static production technical relations (Miller and Blair, 2009 ). The usual model developed by Leontief (1936) takes the following form:
where X is a column vector of total output production; A denotes a matrix of direct technical coefficients of production ( The changes due to climate change shocks on agricultural output were investigated using a mixed model approach. As argued above, the application of a mixed model framework is useful when the aim is to model exogenous changes in output and the associated relative changes in the output of other sectors. Steinback (2004) reviewed some previous empirical studies applying a mixed IO model. In most of these the main focus was on agriculture (Roberts, 1994; Tanjuakio et al, 1996;  etc.), for which the output was considered to be an exogenous component.
Using equation (1) 
Disaggregation procedure
In most published national IO tables, agriculture is considered as a single economic sector that includes the products of hunting and other related agricultural services. However, a significant novel aspect of the present study was disaggregation of agriculture into several sub-sectors important for the Macedonian economy, through the development of an appropriate IO table.
The importance of disaggregating agriculture was highlighted in a study by Hristov et al. (2012) , which showed that Macedonian agriculture is a key water-consuming sector, with direct intensive water consumption of around 38% of total national demand, imposing significant pressure on national freshwater resources. A comprehensive understanding of the agricultural consumption patterns at sectoral level is important but also will provide greater transparency of vulnerability regarding climate change. The national water endowment is directly related to rainfall. Because the proportion of irrigated land in Macedonia is currently very small but also declining, a negative impact of future climate change on crop output can be expected in almost all agricultural sectors and regions due to the decrease in annual rainfall, with longer dry periods followed by droughts. (Table 1) . This discrepancy can jeopardize the reliability of research results.
Therefore, obtaining a detailed picture of agriculture sector interactions at disaggregated level and of climate change variations is important, because further insights may be conveyed to the policy makers responsible for sustainable water management and climate change adaptation measures.
[Table 1]
Here the agriculture sector was disaggregated into 11 sub-sectors using the Lindberg and Hansson (2009) 
[Figure 1]
Sub-sectoral outputs were calculated based on the EUROSTAT agricultural economic accounts.
Micro-level farm data are scarce and of insufficient quality, but the FMS farm data on income, crop-and livestock-specific costs and gross margins (Martinovska-Stojcheska et al., 2008 and 2011 ) and the CAPRI data on trade and operating costs helped us calculate the flows between the agriculture sector and other sectors in the Macedonia's IO table. The total demand for products by households was determined using the SSO (2007b) data on expenditure by agricultural, mixed and non-agricultural households on the most important products originating from the sub-sectors.
Information on the area of irrigated land was combined with figures on crop water requirements (CWR) per hectare (ha) calculated specifically for Macedonia by Hoekstra and Hung (2002) and Iljoski's (1990) crop level estimates in order to construct the water accounts at disaggregated agriculture sub-sector level. Data on the proportion of irrigated crops within the main categories listed in the 2010 Annual Agricultural Report (MAFWE, 2011) were also important for the water accounts at disaggregated level. Regarding the livestock sectors, data on the water requirements per day for each group as reported in Galev and Arsovski (1990) were used.
Climate change scenarios
As indicated in the introduction, climate change is one of the most important considerations for sustainable agriculture, due to its direct impact on agricultural production and consequently indirect effects on the rest of the economy. Increased temperatures will most likely influence the water demand not just in agriculture, but also in other sectors, leading to competition for this natural resource.
Climate change impacts on crop production and water availability in Macedonia have been investigated in several previous studies (Bergant, 2006; MOEPP, 2008; World Bank, 2010; Callaway et al., 2011; Sutton et al., 2013) . Although projections vary, the evidence from all these studies suggests that the stress imposed by climate change will have a negative impact on the yields of most crops in Macedonia. However some agricultural regions and crops are likely to be particularly vulnerable (Table 2 ).
[ Table 2 ]
As can be seen from Table 2 , across the country the most important agricultural crop sub-sectors are categorized as most vulnerable or highly vulnerable.
For the present analysis, the most recent results, from the study conducted by Sutton et al. (2013) , were applied. In their work, were able to distinguish three climate change scenarios by using 10-year historical data on meteorological and soil characteristics and water resources, in combination with the global circulation model (GCM) 5 for all three AEZ in Macedonia. The driest (high), the wettest (low), and a 'medium' scenario were defined by taking the average Climate Moisture Index (CMI), which is an indicator of the aridity of a region. Generating the decadal, monthly and daily changes in temperature, precipitation and irrigation in combination with the AquaCrop, CropWat and Water Evaluation and Planning System (WEAP) 6 model, those authors were able to simulate the impact of climate change on crop yield variance for the main crops currently grown in Macedonia in irrigated and rainfed environments, considering the water shortage due to climate change.
5. GCM is the most advanced tool currently available for simulating the response of the global climate system to increasing greenhouse gas concentrations (IPCC, 2014). 6. WEAP is a user-friendly software tool that takes an integrated approach to water resources planning (WEAP, 2014) .
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Overall, Table 3 shows that if no irrigation practices are applied, in almost all scenarios all crops can be expected to have diminished yields. On the other hand, in the situation where the crops are irrigated, only grape and maize growers will be affected negatively by climate change in almost all scenarios in all AEZ. This means that the decadal yield change can be mitigated by irrigation practices overall. The Alpine AEZ was omitted from this analysis due to its marginal spatial coverage in the territory of Macedonia, although Table 3 reveals that climate change can be expected to have positive effects on yield of alfalfa and wheat in that zone. Comparing Tables 2 and   3 , it can be seen that in the World Bank (2010) study, maize is also characterized as a vulnerable crop with negative yield change in both AEZ where is grown.
[ Table 3 ]
In order to relate the simulated decadal output changes in Table 3 for each AEZ to the agricultural sub-sector output in the IO table, the following assumptions were made.
From the available data, it is difficult to determine the AEZ from which the output originates.
Hence, a simple average of the Mediterranean and Continental yield change was calculated for each respective crop and climate change scenario. This means e.g., that the macroeconomic yield change for irrigated and rainfed maize by the 2040s according to the low impact scenario was 8%
and -22%, respectively. Furthermore, it was assumed that the total output is distributed in same proportions of irrigated and rainfed land as shown in Table 4 , an assumption justified on the grounds that there is no available information on how much of the output originates from irrigated land and how much from rainfed. In other words, only the output changes, and not the area of cultivated land. Hence, it was assumed for example that yield of 3.02% of cereal production was affected by +8% and that 96.98% of the rainfed output was affected negatively, by -22%. However, the respective changes were adjusted by the proportion contributed by the vulnerable crop to total sector output as listed in the EUROSTAT data on the economic accounts for agriculture. For instance, maize output in 2005 comprised 30.68% of total cereal output. Thus, only 30.68% of the total cereal sector output in 2005 was affected by the demand-driven changes regarding each climate change scenario for maize in the IO table. The same applied for wheat, tomato, apple and alfalfa data.
[ Table 4 ] 8
Once the changes in the AEZ under the climate change scenarios had been identified, this information was used to derive the impact on agricultural production and the associated water requirement by using the mixed IO model approach. The next section shows how the changes in agriculture according to the climate change scenarios interacted with the rest of the economy.
Results
According to the mixed model approach, in the 2005 disaggregated IO table there are 40 sectors (Table 5) , of which five outputs were fixed given the vulnerable crops identified in the previous section. The direct and indirect output changes given the supply-driven change and the water requirements for associated sectors under the three climate change scenarios are summarized in Table 5 .
In the low case scenario, it is immediately obvious that the sectors cereals (1) and grape production (6) are predicted to decline by about 4% and 1%, respectively, due to the climate change effect.
Other sectors such as vegetables (4), fruit (5) and other crops (7) gain a benefit in the low climate change scenario. This is particularly evident for sector (7), mainly dominated by alfalfa, which is predicted to fully utilize the increased cropping period and temperature and the moderate changes in precipitation, leading to an increase in output of around 38%. Alfalfa, the most irrigated crop in this sector, will impose additional stress upon the already intensive water consumption, which will consequently be increased by roughly 16 million m 3 per decade by the 2040s (Hristov et al., 2012) .
The climate change effects on indirect output (from the rest of the economy) can be disregarded as they represent a marginal percentage change (less than 1%). Therefore, overall there will be net positive effects of low impact climate change, but these will increase water use by 15.58 million m 3 per decade up to the 2040s.
[Table 5]
In the medium and high case scenarios, it is evident that the direct effects of climate change are likely to have a strong negative impact on all sectors. The high impact scenario, with less precipitation and higher evapotranspiration, has a severe impact for the grape (6), cereals (1) and fruit (5) sub-sectors, with a decline in output of around 47%, 20%, and 16%, respectively. The medium case scenario follows the same pattern, with a marked output decline for these sub-sectors 9 (around 27%, 11%, and 11%, respectively), but the impact is lower due to the moderate increase in temperature and precipitation. These results are to some extent consistent with Table 2 , where grape production is categorized as the most vulnerable crop, followed by cereals. Although apple is characterized as a less vulnerable crop, from the results presented in Table 5 it is apparent that fruit production should be categorized as highly vulnerable, given the projected range of negative impact. In contrast, given the projected change in output the vegetable sector should be considered a less vulnerable crop sub-sector. This is because most Macedonian vegetable growers produce their goods as early season crops in controlled conditions, either in greenhouses or plastic tunnels. Regarding the magnitude of the indirect decline in output of other sectors, again the change is less than 1% for most sectors, i.e., marginal and hence insignificant. However, there is a decline in output for the sectors refined petroleum (24) and chemical products (25) in response to agricultural output decline, since these products are used as major inputs in agricultural production. When it comes to the water consumption associated with indirect effects, none of the sectors displays significant water consumption that needs to be considered in detail.
Discussion and conclusions
This analysis provides indications of the direct impacts of projected climate change on Macedonian agricultural output, and of the indirect effects on the rest of the economy. It shows that climate change will have no major impact on the other sectors in the economy and that the exogenous shocks from climate change will in fact matter the most for the agriculture sector in terms of yield reduction and associated water requirements. It will matter particularly for grape, fruit, cereal and alfalfa production, as they are the most vulnerable crops in the climate change scenarios defined here.
The general findings that agricultural output and water requirements will vary across climate change scenarios may be considered realistic, but certain uncertainties and limitations must be considered before using the results to propose any adaptation measures.
The main limitation in the analysis is that for the climate change impact, the 2005 IO table for The assumption that irrigation technology and efficiency will remain constant at the 2005 level until the 2040s is another limitation. Irrigation efficiency will most likely decrease due to the increase in temperature and associated increase in evapotranspiration. Deterioration in the functioning of existing irrigation schemes due to the inability of the authorities to cover the costs of historical bad debt and capital depreciation will emphasize the inefficiency even more, unless there is rapid modernization. If we were able to observe agricultural development or structural change over time we could presume expansion of irrigated farmland or modernised irrigation in future scenarios.
Importantly, in defining the climate change scenarios and exogenous shocks, it proved impossible to capture the yield changes for each AEZ separately in an IO framework, as done by Sutton et al. (2013) . The uncertainty in the projected climate change scenarios was reduced by considering a wide range of studies elaborating on such matters, which produced the same general conclusions as were used to specify the scenarios. Still, the projected water shortages that Sutton et al. (2013) used to define the climate change scenarios do not consider the use of groundwater resources, but are limited to the use of surface water.
The direct effect of heat stress upon livestock was not included, despite the fact that in all studies cited on climate change and Macedonia, the livestock sector is categorized as vulnerable, but without any specific quantitative impacts. The increase in temperature and the associated risk of diseases and increased mortality are especially important for the modern highly productive livestock breeds. However, with the exogenous shock on forage crop production it proved possible to capture the indirect effect on cattle production, which turned out to be very marginal.
The analytical method used to investigate climate change from an economic perspective may be an additional cause of uncertainty in the projections. In their study, Iglesias et al. (2012) used a
Computable General Equilibrium (CGE) model. However, in order to implement such a model, data on prices, input substitution and elasticities as key instruments in the adjustment of the economy to climate change shock are needed, but are not available for the Macedonian economy. Thus, the choice of IO model was based on its ability to explain the relationships between climate-sensitive sectors in a disaggregated environment (Rose et al,. 2000) . It is noteworthy that it provided informative preliminary results on climate change impact which give a possible indication of how the economy may develop in the future and which adaptation measures to prioritize. A sensitivity analysis is probably necessary, however, given the assumptions and uncertainties created while constructing the climate change scenarios. It is probably also necessary to analyze demand-driven change with respect to capital investment in the restoration and development of irrigation infrastructure that provides a sufficient supply of water to mitigate the climate change impact.
In conclusion, several major points emerged from this work. First, it is evident that the exogenously defined direct climate change effect can be expected to have varying impacts on agricultural crop output, but insignificant effects upon the rest of the economy. Second, with the differing direct effects of climate change across different future scenarios, the physical impact (i.e., water consumption) will also vary, with an increase in the low impact scenario and a decrease in the medium and high scenarios. Overall, the results obtained in this study indicate that special attention should be paid to agricultural production sectors posing the greatest potential opportunities and threats. Source: Adapted from Sutton et al. (2013) .
Tables
Note: N/A indicates that the crop is not grown in the AEZ in question. Note: Mill. = million;
61.5 MKD (Macedonian Denar) = 1 €; National Bank of Republic of Macedonia.
Bold indicates the five fixed sectors in the mixed model approach or the direct supply-driven shock for the vulnerable crops.
The absolute variation in water use was obtained using the derived water coefficients for each sector (Velazquez, 2006) which were assumed to be the same over the years, i.e., water use/output = direct water coefficient. Therefore, by knowing the change in output, the absolute change in water use is: i.e., direct water coefficient * output variation = water use variation. 
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